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Abstract: Aims: Transient receptor potential cation channel subfamily melastatin member 4
(TRPM4), a Ca2+-activated nonselective cation channel abundantly expressed in the
heart, has been implicated in conduction block and other arrhythmic propensities
associated with cardiac remodeling and injury. The present study aimed to
quantitatively evaluate the arrhythmogenic potential of TRPM4.
Methods and Results: Patch clamp and biochemical analyses were performed using
expression system and an immortalised atrial cardiomyocyte cell line (HL-1), and
numerical model simulation was employed. After rapid desensitisation, robust
reactivation of TRPM4 channels required high micromolar concentrations of Ca2+.
However, upon evaluation with a newly devised, ionomycin-permeabilised cell-
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attached (Iono-C/A) recording technique, submicromolar concentrations of Ca2+
(apparent Kd = ~500 nM) were enough to activate this channel. Similar submicromolar
Ca2+ dependency was also observed with sharp electrode whole-cell recording and in
experiments coexpressing TRPM4 and L-type voltage-dependent Ca2+ channels.
Numerical simulations using a number of action potential (AP) models (HL-1, Nygren,
Luo-Rudy) incorporating the Ca2+- and voltage-dependent gating parameters of
TRPM4, as assessed by Iono-C/A recording, indicated that a few-fold increase in
TRPM4 activity is sufficient to delay late AP repolarisation and further increases (≥ 6-
fold) evoke early afterdepolarisation. These model predictions are consistent with
electrophysiological data from angiotensin II-treated HL-1 cells in which TRPM4
expression and activity were enhanced.
Conclusions: These results collectively indicate that the TRPM4 channel is activated by
a physiological range of Ca2+ concentrations and its excessive activity can cause
arrhythmic changes. Moreover, these results demonstrate potential utility of the first AP
models incorporating TRPM4 gating for in silico assessment of arrhythmogenicity in
remodeling cardiac tissue.
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Aims: Transient receptor potential cation channel subfamily melastatin member 4 (TRPM4), a 
Ca2+-activated nonselective cation channel abundantly expressed in the heart, has been implicated 
in conduction block and other arrhythmic propensities associated with cardiac remodeling and 
injury. The present study aimed to quantitatively evaluate the arrhythmogenic potential of TRPM4.  
Methods and Results: Patch clamp and biochemical analyses were performed using expression 
system and an immortalised atrial cardiomyocyte cell line (HL-1), and numerical model 
simulation was employed. After rapid desensitisation, robust reactivation of TRPM4 channels 
required high micromolar concentrations of Ca2+. However, upon evaluation with a newly devised, 
ionomycin-permeabilised cell-attached (Iono-C/A) recording technique, submicromolar 
concentrations of Ca2+ (apparent Kd = ~500 nM) were enough to activate this channel. Similar 
submicromolar Ca2+ dependency was also observed with sharp electrode whole-cell recording and 
in experiments coexpressing TRPM4 and L-type voltage-dependent Ca2+ channels. Numerical 
simulations using a number of action potential (AP) models (HL-1, Nygren, Luo-Rudy) 
incorporating the Ca2+- and voltage-dependent gating parameters of TRPM4, as assessed by Iono-
C/A recording, indicated that a few-fold increase in TRPM4 activity is sufficient to delay late AP 
repolarisation and further increases (≥ 6-fold) evoke early afterdepolarisation. These model 
predictions are consistent with electrophysiological data from angiotensin II-treated HL-1 cells in 
which TRPM4 expression and activity were enhanced.  
Conclusions: These results collectively indicate that the TRPM4 channel is activated by a 
physiological range of Ca2+ concentrations and its excessive activity can cause arrhythmic 
changes. Moreover, these results demonstrate potential utility of the first AP models incorporating 






Cardiac arrhythmia is a major global cause of mortality and morbidity, especially in developed 
countries. Its underlying mechanisms involve both congenital and acquired factors, with the latter 
being more predominant and often associated with pathologic remodeling of the heart.1 Pathologic 
cardiac remodeling is thought to result from sustained metabolic and mechanical insults occurring 
during cardiovascular diseases such as chronic hypertension, diabetes mellitus, chronic heart 
failure and ischaemic myocardial diseases. Compelling evidence supports the involvement of 
several transient receptor potential (TRP) proteins in the initiation and progression of cardiac 
remodeling. For instance, several different lines of evidence yielded from transgenic mouse 
approaches suggest a tight connection between TRPC1, TRPC3, TRPC4, TRPC6 and TRPV2 
channels, and cardiac hypertrophy and cardiomyopathy.2,3 
TRP channels, which contain six transmembrane segments, comprise a large Ca2+-permeable 
cation channel superfamily expressed throughout the whole body that are activated by a broad 
spectrum of physicochemical stimuli from cellular microenvironments such as neurohormonal, 
thermal and mechanical stresses, as well as by synthetic and naturally occurring chemicals. These 
properties render TRP channels plausible regulators/mediators for many biological functions and 
dysfunctions through altered cellular Ca2+ homeostasis and dynamics.4 
Recently, several lines of evidence have implicated melastatin TRP subfamily member TRPM4 
in cardiac arrhythmogenicity. TRPM4 is relatively abundantly expressed in the cardiac 
conduction system and atrial tissues. Gain-of-function mutations in N-terminal and intracellular 
loop domains identified in a few pedigrees of French and Lebanese families manifested as 
progressive conduction blocks and associated sudden death, and reportedly produced 
degenerative changes of cardiac Purkinje fibers.5 In fact, significant contribution of TRPM4-
mediated current has been demonstrated during the repolarisation phase of rabbit Purkinje fiber 
action potentials.6 In spontaneously hypertensive rats (SHRs), long-term pressure overload 
produces hypertrophic changes in the heart that are accompanied by upregulation of TRPM4 
protein and its excessive activity. These changes are associated with prolongation of QT interval 
in electrocardiograms, a risk factor of arrhythmia.7 In murine hearts exposed to acute anoxic 
insults, early afterdepolarisation (EAD)-like oscillations occurred in the repolarisation phase of 
action potentials (APs), which were inhibited by the TRPM4 channel blocker 9-phenathrol (9-
PA).8 The same drug was also shown to mitigate experimental myocardial infarction,9 accelerate 
atrial AP repolarisation,10 and decelerate spontaneous atrial AP firing governed by the sinoatrial 
nodal rhythm.11 Finally, knock-out of trpm4 gene in mice was found to accelerate AP 
repolarization with enhanced β-adrenergic inotropic response in ventricular muscle,12 and cause 
pleiotropic arrhythmic changes characterized by prolonged PR and QRS intervals and multi-level 




to the genesis and propagation of cardiac excitation, with altered expression or activity potentially 
leading to various forms of arrhythmias. 
Nonetheless, reported Ca2+ concentrations ([Ca2+]) for activation of TRPM4 channels are 
variable among studies and often far beyond a physiologically attainable range. Although an 
initial estimation of Ca2+-dependent activation for the TRPM4 channel yielded an apparent 
dissociation constant (Kd) of ~400 nM,
14 concentrations reported in later studies typically ranged 
from tens to hundreds of micromolar,15 likely as the result of rapid desensitisation and loss of 
indispensable intracellular constituents. In addition, to facilitate channel recording, the majority 
of studies employed extremely depolarised membrane potentials (e.g. +100 mV) to submaximally 
enhance the channel’s open probability. Thus, it remains uncertain what range of [Ca2+] can 
activate TRPM4 channels around physiological membrane potentials, which makes it difficult to 
determine exact roles of these channels in physiological and pathophysiological settings.  
To address this issue, this study re-evaluated ‘intact’ Ca2+ sensitivity of TRPM4 channels using 
a few new methodological approaches to define its Ca2+- and voltage-dependent gating kinetics 
by appropriate mathematical expressions. Resulting mathematical expressions were subsequently 
incorporated into a few numerical models reconstructing APs of atrial and ventricular 
cardiomyocytes. To assess the relevance of gating parameters, simulated results were compared 
with experimental data obtained from HL-1 cells.  
 
Material and Methods 
Cell culture and gene transfection 
For heterologous expression of TRPM4 and voltage-dependent L-type Ca2+ channels (VDCC), 
human embryonic kidney cells (HEK293) were transfected with human trpm4b cDNA (pCIneo 
vector; originally provided by Profs. J.-P. Kinet and P. Launay and modified) and expression 
vectors containing rabbit α1C, rat β2a, and rat α2/δ, respectively, and used for electrophysiological 
measurements 24–48 h later.  
The immortalised atrial cardiomyocyte line HL-1 was maintained in a special culture medium 
according to an optimised protocol provided by Dr. Claycomb’s laboratory,16 and treated with 
control or TRPM4-targeting siRNAs for 72–96 h with or without angiotensin II (1 μM) before 
patch clamp experiments.  
 
Electrophysiology 
For patch clamp experiments, heat-polished borosilicate glass electrodes (4–6 MΩ and 8–10 
MΩ for single-channel, and whole-cell recordings) were used with a low noise, high impedance 
patch clamp amplifier (EPC10, HEKA Elektronik, Germany) driven by PatchMaster software 




Sunnyvale, CA).   
 
Measurement of intracellular Ca2+ 
For digital imaging of intracellular Ca2+ concentration ([Ca2+]i), fura-2-loaded or -introduced 
HEK293 cells were illuminated at 340/380 nm and the emission ratio (510 ± 10 nm; F340/F380) 
was converted into absolute [Ca2+]i values after in vitro calibration.  
 
Immunoblotting 
TRPM4, brain natriuretic peptide (BNP) and β-actin proteins were extracted from HL-1 cells, 
electrophoresed, incubated with their respective antibodies, and visualised by a horseradish 
peroxidase-based immunoblotting method. 
 
Numerical model simulation 
For numerical simulation, Nygren 1998, Luo-Rudy 2000 and Aslanidi 2009 AP models from an 
open simulation platform Cor1.1 (Oxford; URL: http://cor.physiol.ox.ac.uk/), and the HL-1 AP 
model from Takeuchi et al. 17, were modified by incorporating TRPM4 gating kinetics assessed 
by the present study. 
 
Solutions 
Solutions used for patch clamping and Ca2+ imaging were essentially the same as previously 
described.18   
 
Statistical evaluation 
 All data are expressed as mean ± standard error of the mean. Statistical significance (P < 0.05) 
was evaluated by Student’s t-test or analysis of variance (ANOVA) with either Tukey’s or 
Dunnett’s post-hoc tests for single and multiple comparisons, respectively.  
 
 Animal experiments followed the NIH Guide for the Care and Use of Laboratory Animals and 
were approved by the local bioethics committee of Fukuoka University. Mice were anaesthetised 
by intraperitoneal injection of pentobarbital (60 mg/kg) with 0.1 ml heparin (1000 IU/ml), and 
exsanguinated by carefully excising the whole heart. 
 







Re-evaluation of ‘intact’ Ca2+ sensitivity of expressed TRPM4 channels 
Previous studies have shown that at both single channel and macroscopic current levels, 
expressed TRPM4 channels undergo rapid rundown/desensitisation by membrane excision and/or 
sustained [Ca2+]i elevation.
14,15 This rundown/desensitisation hampered precise assessment of 
Ca2+ sensitivity and voltage-dependent gating kinetics of the TRPM4 channel. Our experiments 
also showed that after membrane excision, Ca2+-dependency of TRPM4 decreased by more than 
100-fold, which was only incompletely relieved by ATP (Suppl. Figure 1) or 5 μM 
dioctanoylglycerol–phosphatidylinositol 4,5-bisphosphate (diC8-PIP2; data not shown).
15 One 
known approach to alleviate the rundown of membrane current is a cell-membrane 
permeabilisation technique incorporating small pore-forming agents such as β-escin.19 However, 
this agent only partially restored TRPM4 channel activity (Suppl. Figure 2).  
In our previous study, we noted the utility of ionomycin, a Ca2+ ionophore, to reversibly clamp 
[Ca2+]i by changing the external Ca
2+ concentration ([Ca2+]o).
20 We improved this method so as to 
rapidly activate TRPM4 channels by use of a custom-made fast solution-exchange device 
comprised of electrically-driven solenoid valves. As illustrated and demonstrated in Figures 1A 
and B, respectively, after ‘giga’ seal formation (i.e. cell-attached conditions), the cell was quickly 
exposed to ionomycin (2.5 μM) for tens of seconds, and then sequentially to various [Ca2+]o (0.3–
5 mM). To clamp transmembrane potential at zero, ionomycin and Ca2+ were administered in the 
presence of high K+ [this method is hereafter designated as ‘ionomycin-permeabilised cell-
attached (Iono-C/A) recording’]. The magnitude of TRPM4-mediated inward current (ITRPM4) 
induced by this method (Vm: -60 mV) increased in a [Ca
2+]o-dependent manner (Figure 2C). 
Figure 1D shows a representative Ca2+-imaging experiment evaluating [Ca2+]i with the same 
protocol used above. Average peak [Ca2+]i elevations resulting from respective [Ca
2+]o 
applications showed negligibly small variations (horizontal error bars in Figure 1E). Figure 1E 
shows the relationship between normalised ITRPM4 amplitude and [Ca
2+]i. Although some 
inaccuracy is inevitable because of separate measurements, the relationship yields a 
submicromolar Kd concentration (0.51 μM; Figure 1E).  
To corroborate the submicromolar Kd value estimated by Iono-C/A recording, we next recorded 
macroscopic ITRPM4 by directly dialysing various [Ca
2+]i into the cell. To minimise the severe 
rundown of ITRPM4 resulting from washout, we adopted sharp patch electrodes with a high input 
resistance (8–10 MΩ). Almost immediately after commencing whole-cell conditions (‘break-in’), 
noticeable inward currents with a clear outward-rectifying property developed (Figures 2A–D and 
F). Magnitudes and time courses of these currents were dependent on [Ca2+]i in the patch pipette 
with an apparent activation threshold lower than 0.3 μM, which was essentially unchanged in the 




was applied to deplete internal Ca2+ stores (Figure 2E). Kd values estimated under these conditions 
(0.6–0.7 μM; Figure 2D) were similar to those estimated by Iono-C/A recording.  
In another attempt to validate the submicromolar Ca2+-sensitivity of ITRPM4, we coexpressed L-
type (VDCCs) with TRPM4 channels and investigated the relationship between Ca2+ influx 
through the former and the extent of activation of the latter. As shown in Figure 3A, large tail 
currents (Itail) at -60 mV (indicated by arrows) appeared just following the Ca
2+ influxes through 
VDCC. Itail was completely abolished in Na
+-free external solution (Figure 3B and open diamonds 
in Figure 3D) and strongly inhibited by 10 μM 9-PA, which is a relatively selective inhibitor of 
TRPM421 (Figure 3C and filled circles in Figure 3D). These observations strongly indicate that 
Itail resulted from the activation of TRPM4 channels by the preceding Ca
2+ influx. The magnitude 
of Itail was dependent on the total Ca
2+ charge carried through VDCC (i.e. integral of Ca2+ influx: 
QCa, dashed curve in Figure 3D). Figure 3E shows the relationship between QCa and Itail amplitude 
normalised to its maximum and cell capacitance, which yielded a half-activation Ca2+ charge 
(QCa,0.5) of ~1 pC/pF. This value corresponds to [Ca
2+]i of 0.5–0.6 μM (arrowed dashed line in 
Figure 3Fc) according to the relationship between QCa and [Ca
2+]i evaluated by patch clamping 
and fura-2 fluorescence-imaging experiments (Figure 3F). These results again suggest that 
substantial activation of TRPM4 could occur at submicromolar [Ca2+]i.  
In aggregate, these three different lines of evidence strongly suggest that TRPM4 channels can 
be activated at physiologically attainable [Ca2+]i and membrane potential.  
 
TRPM4 upregulation alters AP characteristics in angiotensin II-treated HL-1 cells 
To explore the significance of TRPM4 activation in a more physiological context, we next 
employed an immortalised mouse atrial cardiomyocyte line HL-1.16 To evaluate the density of 
functional TRPM4 channels in these cells, we adopted an inside-out (I/O) configuration rather 
than whole-cell, as intracellular perfusion of Ca2+ caused irreversible contractions of HL-1 
myocytes. As demonstrated in Figures 4A and B, single cation channel activities induced by 100 
μM Ca2+ were inhibited by 9-PA in a concentration-dependent manner and exhibited a similar 
inhibitory potency for expressed TRPM4 channels (Suppl. Figure 1E). Furthermore, the unitary 
conductance (24.5 ± 2.1 pS, n = 5), reversal potential (-4.1 ± 1.7 mV, n = 5) and outward-rectifying 
property of these channels (Figure 4C) were similar to those of expressed TRPM4 channels.  
Expression of TRPM4-immunoreactive protein was significantly increased after 4-day 
treatment of HL-1 cells with 1 μM angiotensin II (AGII). This occurred in parallel with the 
upregulation of the cardiac remodeling marker BNP (Figure 4F). Concomitantly, the maximum 
density of TRPM4-like channel activities (at 1000 μM [Ca2+]i) increased more than 5-fold 
(Figures 4D, E and G). These results strongly suggest that prolonged neurohormonal stress would 




It is well known that electrical remodeling of cardiomyocytes significantly affects the shape of 
action potentials (APs), thereby increasing arrhythmic propensity.22 Therefore, we tested whether 
AGII treatment changes the electrical properties of single dissociated HL-1 cells. As shown in 
Figures 4H and I, AGII treatment reduced resting membrane potential (RMP) and prolonged AP 
duration (APD) compared with non-treated cells. These changes in AGII-treated cells were 
reversed by administering 10 μM 9-PA, resulting in a negative shift in RMP, increased threshold 
for injected outward currents to evoke APs, and shortening of APD particularly at the late 
repolarisation phase (Figures 4H and I).  
Changes in AP morphology by 9-PA may occur through its non-specific action on other types 
of channels than TRPM4. To exclude this possibility and investigate the effects of AGII treatment 
more systematically, we next adopted an siRNA knockdown strategy. As summarised in Figure 5, 
siRNA-induced downregulation of TRPM4 expression and activity significantly abrogated AP 
prolongation (APD90 but not APD50) and RMP depolarisation induced by AGII treatment. 
Consequently, the inhibitory effects of 9-PA (10 μM) were greatly reduced (Figure 5D–G).   
These results collectively suggest that remodeling stress, such as that induced by AGII treatment, 
significantly alters the RMP and AP characteristics of HL-1 cells through TRPM4 upregulation.  
 
Quantitative description of TRPM4 gating kinetics 
The hitherto-mentioned results strongly support the idea that upregulation of TRPM4 channel 
activity contributes to the electrical remodeling of HL-1 cells. To quantify this property, we next 
evaluated the gating kinetics of TRPM4 channels with respect to [Ca2+]i and membrane potential 
by Iono-C/A recording. Figure 6 shows a representative experiment. To avoid the influence of 
rundown/desensitisation, the Iono-C/A recording protocol (Figure 1) was further modified to 
reduce time of Ca2+ exposure to as short as possible (see Figure 6A and its legend).  
Figures 6B and C show overlaid traces of ITRPM4 during and immediately after voltage step pulses 
at low (0.3 mM) and very high (5 mM) [Ca2+]o, respectively. Each current trace is fitted to a 
monoexponential time course (red). The voltage-dependency of ITRPM4 at the beginning and end 
of pulses evaluated in this way are almost linear and outward-rectifying, respectively (Figure 6D). 
Steady state activation curves of the TRPM4 channel (Figure 6E) assessed from tail current 
amplitudes (immediately after pulses; Figure 6C) indicate that elevated [Ca2+]o remarkably alters 
the voltage-dependency by negatively shifting the half-activation voltage (V0.5), increasing 
maximum activation (Imax), and steepening the slope of the curve (s).  
Figures 7A and B show average relationships of steady state open probability (Po) and time 
constant of voltage-dependent activation (τ) versus membrane potential (Vm) at five different 
[Ca2+]o values, respectively. [Ca
2+]i values corresponding to respective [Ca
2+]o were separately 




the Boltzmann equation indicate that at very low [Ca2+]o, even extreme depolarisation cannot fully 
activate the channel (i.e. Po < 1.0). This finding is incompatible with a coupled gating model 
whereby Ca2+ binding/unbinding and voltage-dependent gating processes occur in a serial 
fashion,23 and instead suggests that channel gating is allosterically controlled.24 We therefore 
adopted an empirical Hodgkin-Huxley-type formalism to approximate TRPM4 channel gating 
with a simple two-state transition model with rate constants (α and β) described as functions of 
both Vm and Ca
2+ (Figures 7C–F and legend). Final mathematical expressions obtained for α and 
β are (for details, see supplementary information): 
 
α(V, [Ca]) = 3.7073 ∙ [Ca]0.37486 ∙ exp⁡[(0.010602 − 0.000080069 ∙ [𝐶𝑎]) ∙ 𝑉] 
β(V, [Ca]) = 0.62539 ∙ exp [(3.4201 − 0.074674 ∙ [Ca]) + (−0.00293 − 0.00388 ∙ [Ca]) ∙ V
+ (0.000023487 − 0.000026192 ∙ [Ca]) ∙ V2] 
 ([Ca] in μM, V in mV) 
 
Numerical AP models reproduce TRPM4-mediated changes in HL-1 cells 
We incorporated the rate constants described above into a recently developed HL-1 AP model17 
and two other representative AP models for atrial and ventricular cardiomyocytes, i.e. Nygren 
1998 and Luo-Rudy 2000 models, respectively (Supplementary Information).  
A few-fold increase in TRPM4 current density is sufficient to produce significant depolarisation 
of RMP and prolongation of APD in both HL-1 and Nygren atrial models (Figures 7Gb and 7H), 
and the degree of AP prolongation in the HL-1 model is comparable to that estimated in AGII-
treated HL-1 cells as the 9-PA sensitive component (Figures 4I and 5D). A similar extent of AP 
prolongation was also simulated in the Luo-Rudy ventricular model with increased TRPM4 
density (Figure 7I). Intriguingly, further increase in TRPM4 current density (≥ 6-fold) induces 
early afterdepolarisations (EADs) superimposed on the late repolarisation phase in both HL-1 and 
Luo-Rudy models (Figures 7Gb right and 7I), and these premature depolarisations were also 
occasionally recorded from AGII-treated HL-1 cells (Figures 7Ga). In addition, although TRPM4 
channel density remains unknown, significant AP prolongation is simulated by incorporating 
TRPM4 gating kinetics into the Aslanidi Purkinje fiber model (Figure 7J).  
Collectively, these results strongly suggest that the mathematical expressions of TRPM4 gating 
described above are instrumental for predicting the electrophysiological changes induced in 








Although several animal studies implicate TRPM4 in biological functions and dysfunctions,4 it 
remains uncertain which range of [Ca2+]i is actually effective to activate TRPM4 channels in vivo. 
For example, reported [Ca2+]i thresholds for Ca
2+-dependent TRPM4 activation largely vary 
between studies.15 These disparate results likely reflect distinct experimental settings which may 
variably affect the extents of desensitisation and rundown, making it difficult to evaluate the exact 
role of TRPM4 channel in situ. In this respect, the present study is the first elaborate investigation 
of the ‘intact’ Ca2+ sensitivity of TRPM4 channels in light of different methodological approaches. 
As a result, it is clearly demonstrated that the Ca2+ sensitivity of TRPM4 falls in a physiologically 
attainable [Ca2+]i range for many cell types including cardiomyocytes. Importantly, all three 
approaches employed in the present study yielded similar values for threshold, half-maximal or 
near-maximal [Ca2+]i activation of TRPM4, i.e. a few hundred nM, several hundred nM and a few 
μM, respectively. As the [Ca2+]i range defined by these values almost precisely overlaps the 
dynamic range of [Ca2+]i during membrane excitation and receptor stimulation, it is tenable to 
assume significant contributions of TRPM4 to a broad spectrum of cellular physiology and 
pathophysiology. Indeed, our numerical model, which for the first time formulates TRPM4 
channel gating (Figures 7Gb and 7H), has successfully simulated the observed AP changes in a 
cardiomyocyte cell line HL-1 (Figures 4I and 5D). Furthermore, simulations using the same 
TRPM4 parameters in a few other AP models (Luo-Rudy and Aslanidi; Figure 7) point to the 
possibility that upregulation of TRPM4 activity may be a key predisposing factor for arrhythmia. 
 
Relevance of the use of ionomycin for kinetic evaluation 
Through the present investigation, we have found that a combination of cell-attached recording 
and ionomycin-mediated membrane permeabilisation (Iono-C/A recording) is suitable for stably 
recording TRPM4 activities, as it allows reversible and repeatable manipulation of [Ca2+]i levels 
by simply changing [Ca2+]o
20 (Suppl. Figure 3A), thereby enabling detailed investigation of the 
Ca2+-dependent kinetics of TRPM4 channel over a wide range of membrane potentials (Figure 6). 
This method is advantageous compared with conventional whole-cell or inside-out single channel 
recordings in which severe rundown/desensitisation of TRPM4 channel activity inevitably occurs. 
Staphyloccocal toxin is another potentially useful agent to minimise rundown, but a previous 
study reported that this toxin was ineffective at mitigating the extent of TRPM4 desensitisation.25  
As ionomycin is known to liberate Ca2+ from internal stores,26 we eliminated this undesirable 
effect by applying ionomycin in Ca2+-free solution once and then repeatedly rinsing the cell with 
Ca2+-free solution before the next application of Ca2+, which prevented the replenishment of Ca2+ 
stores (Suppl. Figure 3B).  




TRPM4 channel gating kinetics. In principle, this method could be more broadly applied to other 
TRP family members that undergo similar irreversible rundown/desensitisation. 
 
Upregulation of TRPM4 accounts for altered AP morphology 
HL-1, an immortalised cell line derived from an atrial tumor,16 retains many features reminiscent 
of cardiomyocytes, such as spontaneous APs and contractions with expression of ion channels 
responsible for AP generation, e.g. voltage-dependent Na+, Ca2+ and K+ channels.27,28 We 
confirmed the emergence of these channels together with TRPM4 channels in beating HL-1 cells 
(data not shown), which generated typical atrial-type APs of triangular morphology (Figures 4 
and 5). Although data interpretation is limited by substantial differences in electrophysiological 
details between HL-1 cells and freshly dissociated atrial cardiomyocytes, use of the former is 
advantageous for precisely fitting numerical model parameters to experimental results, as it is 
technically easy to manipulate the expression level of given channels in HL-1 cells by means of 
siRNA or gene delivery in a time-matched manner under well-controlled conditions.  
Importantly, the expression and activity of TRPM-like channels were enhanced several-fold (on 
average 4–5-fold) by AGII, which caused prominent AP prolongation at the late repolarisation 
phase (APD90), a positive shift of RMP (Figure 5), and, in some other cases, EAD-like 
depolarisations (Figure 7Ga). All these changes were specifically abolished by siRNA knockdown 
of TRPM4, as well as by 9-PA at a concentration of 10 μM, which almost selectively inhibited 
TRPM4 channels (Suppl. Figure 4A and B).6,8,21 Although 9-PA reportedly inhibits Ca2+-activated 
Cl- channels,29 such nonspecific actions can largely be excluded because benzbromarone (10 μM), 
an antagonist of TMEM16A (molecular identity of the Cl- channel), is unable to inhibit APs in 
HL-1 cells (Suppl. Figure 4C).  
The most straightforward interpretation of these results is that cardiac remodeling upregulates 
TRPM4 expression, thereby prolonging AP to raise arrhythmogenicity. Indeed, our preliminary 
experiments with atrial myocytes from AGII-treated mouse hearts confirm that even moderate 
upregulation of TRPM4 (about 3-fold) can cause significant AP prolongation (Suppl. Figure 5), 
the extent of which is comparable to results simulated with the Nygren model (Figure 7H). 
Moreover, a query of the Gene Expression Omnibus (GEO) microarray database indicated 
significantly higher cardiac trpm4 mRNA expression in individuals with high-risk for arrhythmia, 
such as patients with idiopathic dilated and ischaemic heart failures, compared with normal 
controls (P < 0.05 with Wilcoxon/Kruskal–Wallis test). Although values were scattered (probably 
because of complex etiologies), expression levels of trpm4 mRNA in these patients were much 
higher (up to ~9-fold) than in the majority of normal individuals (GEO Profiles Database: 
GDS651/ 219360_s_at). These findings support the view that pathological upregulation of 




However, during chronic atrial fibrillation, shortened APD increases the risk of reentrant 
arrhythmias through a reduced refractory period.22 In guinea-pig atrial muscle, short-term 
application of AGII reportedly facilitated reentry via accelerated AP repolarisation by enhancing 
slow delayed rectifier K+ channel activity.30 Presumably, this discrepancy reflects the complexities 
of electrical and structural reorganisation of the heart. Thus, for its clarification, precise evaluation 
of TRPM4 activation profiles in the context of both AP generation and propagation is required, 
the properties of which change during cardiac remodeling.22  
Finally, in normal mouse ventricular muscle, a negative impact of TRPM4 channel activity on 
cardiac contractility despite AP prolongation has been proposed. This likely occurs through 
membrane depolarisation resulting from TRPM4 channel activation, which in turn decreases 
voltage-dependent Ca2+ influx during the AP as the result of a reduced Ca2+ driving force. This 
mechanism was found suppressed in TRPM4-knock-out mice.12 Moreover, genetic deletion of 
trpm4 in mouse has been shown to prolong PR and QRS intervals, and cause multi-level 
conduction blocks,13 whereas human gain-of-function mutations of TRPM4 (e.g. E7K) also cause 
conduction blocks.5 Such variable and complex consequences resulting from genetic 
manipulation of TRPM4 in animals, even though they can directly address the 
physiological/pathophysiological consequences, would reflect the influence of long-term 
constitutive gene suppression that inevitably accompany compensatory changes, thus possibly 
giving a different picture from human pathophysiology. In this regard, the theoretical approaches 
adopted in the present study may serve as a complementary strategy to provide testable 
predictions for animal experiments, facilitating comprehensive deciphering of the complexity of 
the dynamical system(s) in which TRPM4 channels operate. The present approach using acute 
knockdown of TRPM4 by siRNA strategy also brings additional insight to the findings obtained 
by constitutive knock-out of this gene in mice.  
 
Mathematical formulation of TRPM4 gating predicts observed AP changes. 
Based on the results of Iono-C/A recording, we formulated Ca2+- and voltage-dependent kinetics 
of the TRPM4 channel in terms of a two-state model. Although opening and closing rate constants 
were empirically defined as the complex functions of Ca2+ and membrane potential in this model, 
simulated Po-Vm relationships reasonably approximated experimental observations (Suppl. 
Figures 6A–C vs. Figures 7A and B). This indicates the practical utility of these mathematical 
expressions in the physiological range of [Ca2+]i and membrane potential.  
Our simulations with HL-117 and Nygren models indicated that although little change could be 
observed at normal density, a moderate (3–5 fold) increase in TRPM4 activity is sufficient to 
cause significant AP prolongation. This prediction is consistent with observations in AGII-treated 




increase is more prominent (≥ 6-fold), a more striking change, i.e. EAD, can occur. This was 
indeed observed in some AGII-treated HL-1 cells that showed EAD-like premature 
depolarisations. A similar EAD-like excitation resulting from a high degree of TRPM4 
upregulation (≥6 -fold) was simulated by the Luo-Rudy model incorporating TRPM4 gating 
kinetics (Figure 7I). It is noteworthy that in SHRs, which undergo sustained pressure overload 
from hypertension, TRPM4 expression was profoundly increased with significant QT elongation 
observed in electrocardiograms.7  
It is intriguing to note that an early version of the Luo-Rudy model already demonstrated 
significant contribution of Ca2+-activated nonselective cation channels (NSCCa) to the genesis of 
EADs and delayed afterdepolarisations (DAD).31 However, the primary difference between this 
study and ours lies in that the former defines NSCCa conductance as an immediately equilibrated 
reaction with Ca2+, thus ignoring its strong voltage-dependent gating. Hence, simulated membrane 
responses resulting from NSCCa activation simply mirror [Ca
2+]i change, and tend to overestimate 
activation of NSCCa around RMP, but underestimate it at more depolarised potentials. In sharp 
contrast with this, our formulation of TRPM4 channel gating more precisely describes its time-
dependent activation by both [Ca2+]i and membrane potential. As shown in Supplementary Figure 
6D, incorporating this property strongly blunts the activation of TRPM4 near RMP compared 
with more depolarised potentials. Thus, voltage-dependent gating may render TRPM4 channels 
more contributive to AP prolongation than abnormal diastolic depolarisations, which occur after 
complete termination of AP. These simulated results would not favor the involvement of NSCCa 
or TRPM4 channels in DAD.32  
In summary, the present study has proven, under minimally cell-disturbing conditions, that the 
TRPM4 channel is activated by a physiological range of [Ca2+]i, and provided the first 
mathematical formulation of its Ca2+- and voltage-dependent gating. Further, numerical 
simulations with several AP models incorporating TRPM4 gating kinetics have suggested that 
excessive activity of TRPM4 can cause arrhythmic changes. When combined with animal 
experiments, further improvements of this theoretical approach (not only as AP models, but two-
dimensional sheet and whole-heart models) may help to understand more complex, multi-
hierarchical mechanisms underlying some reentrant arrhythmias and conduction failures 
associated with genetic mutations of the TRPM4 channel.5 
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Figure 1. Evaluation of Ca2+ sensitivity of TRPM4 channels expressed in HEK293 cells by 
ionomycin-permeabilised cell-attached (Iono-C/A) recording. 
(A) Schematic representation of Iono-C/A recording. After cell membrane permeabilisation with 
ionomycin (2.5 μM), various concentrations of Ca2+ ([Ca2+]o) were serially applied via the Y-tube 
in high K+ external solution. (B) Typical development of single TRPM4-mediated current (ITRPM4) 
during exposure to 0.3, 1, 3 and 5 mM [Ca2+]o. To define maximum activation, the membrane was 
excised into 5 mM [Ca2+]o at end of recording. Vertical deflections show currents induced by ramp 
voltages. (C) Average amplitudes (NPi) of ITRPM4 (at -60 mV) induced by varying [Ca
2+]o with 
Iono-C/A recording (n = 12). (D) Average changes in intracellular Ca2+ concentration ([Ca2+]i) 
induced by various [Ca2+]o using same procedure as for Iono-C/A recording. Fura-2 fluorescence 
imaging of TRPM4-expressing HEK293 cells. (E) Relationship between [Ca2+]i and relative NPi 
obtained with Iono-C/A recording. Solid curve represents best fit to the Hill equation: 1/(1 + 
(Kd/[Ca
2+])nH), where Kd and nH denote the apparent dissociation constant and cooperativity factor, 
respectively (n = 12). As 5 mM [Ca2+]o caused detachment of cells in Ca
2+ imaging experiments, 
the curve is drawn up to 3 mM [Ca2+]o. 
 
Figure 2. Activation of macroscopic ITRPM4 by direct infusion of Ca
2+ via sharp electrodes. Internal 
solution with varying [Ca2+]i was introduced through sharp patch electrodes into TRPM4-
expressing HEK293 cells voltage-clamped at -60 mV. (A–C) Actual traces of ITRPM4 induced by 
0.28, 0.52 and 36 μM [Ca2+]i. The highest [Ca
2+]i (36 μM) caused a quick desensitisation of ITRPM4. 
Vertical deflections show ramp- or step pulse-induced currents. (D) Average densities of ITRPM4 at 
different [Ca2+]i with EGTA (〇) or BAPTA (●). Solid and dotted curves shows best fits of data 
to the Hill equation: Imax/[1+(Kd/[Ca
2+]i)
nH], where Imax, Kd and nH for EGTA and BAPTA are 56.7 
and 24.4 pA/pF, 607 and 705 nM, and 2.0 and 2.5, respectively. (E) No effect of pretreatment with 
10 μM ryanodine and 10 mM caffeine on ITRPM4 elicited by 0.28 μM Ca
2+ at -60 mV (Ryn+Caf). 
(F) Typical outward-rectifying I-V relationships of ITRPM4 at three different [Ca
2+]i evaluated by 
an ascending ramp voltage (-100 to +100 or + 200 mV, 1 s). Values for ‘n’ are shown in brackets. 
 
Figure 3. Evaluation of Ca2+ sensitivity of ITRPM4 activated by voltage-dependent Ca
2+ influx. 
α1C, β2, and α2/δ subunits of a voltage-dependent Ca
2+ channel (VDCC) were coexpressed in 
HEK293 cells stably expressing TRPM4. (A–C) Overlaid traces from the same cell showing 
VDCC currents followed by tail inward currents (Itail; arrows). Duration of depolarisation varied 
(0 mV; 20–260 ms; 30-s interval) in standard (A) and Na+-free (B) external solutions, and standard 
solution with 10 μM 9-PA (C). (D) Relationships between total Ca2+ charge carried through VDCC 




current (∫Icadt) under Na
+-free conditions, as shown in the dashed curve. (E) Relationship between 
relative QCa (normalised to cell capacitance) and relative amplitude of Itail. The latter is normalised 
it to its maximum, which occurred immediately after a ramp voltage (-100 to 200 mV). Open 
circles represent pooled data from five independent experiments. Solid curve is drawn according 
to the Hill equation with fixed Imax of 1.0 and nH of 2. Best nonlinear regression of data points 
yielded a value of ~1 pC/pF for Ca2+ charge to cause half-maximal activation of Itail (QCa,0.5). (F) 
Relationship between QCa via VDCC expressed in HEK293 cells and resultant [Ca
2+]i rise 
evaluated by simultaneous fura-2 Ca2+-imaging and patch clamping recordings. Overlaid VDCC 
currents (ICa) evoked by depolarisations to 0 mV in two different durations (a) and corresponding 
[Ca2+]i elevations (b). Panel (c) shows a summary of experiments in (a) and (b) from four cells. 
Solid curve represents empirical fit of data by a power function: 98 + 454*(QCa)
2/3. 
 
Figure 4. TRPM4-like channel in HL-1 cells. 
(A and B) Concentration-dependent inhibition by 9-PA of single TRPM4-like channel activities 
(activated by 100 μM Ca2+) recorded at -60 mV in HL-1 cells. Inside-out (I/O) mode: typical 
record (A) and summary (B). *: P < 0.05 with Dunnett’s test between control (n = 7) and 9-PA at 
a concentration of 10 μM (n = 4) or 50 μM (n = 10). (C) Single I-V relationships of TRPM4-like 
channels. Solid and dotted lines are best linear fits of respective open levels. In this particular 
experiment, unitary conductance (γ) of 25.8 pS and a reversal potential (Erev) of 1.3 mV were 
calculated. (D and E) Typical I/O recording of single TRPM4-like currents at different [Ca2+]i 
from HL-1 cells without (D) and with (E) angiotensin II (AGII; 1μM) for 4 days at -60 mV. (F) 
Increased expression of brain natriuretic peptide (BNP) and TRPM4 proteins in AGII-treated HL-
1 cells. Data are expressed as fold changes relative to respective controls (i.e. no AGII treatment) 
after normalisation to β-actin. *: P < 0.05 with paired t-test (n=5). Inset shows representative 
immunoblots of TRPM4 and β-actin (re-probed from same blot membrane) with and without 4-
day AGII treatment. G; averaged current amplitude (NPi) of TRPM4-like current at -60mV (n = 
4–6). *: P < 0.05 with unpaired t-test. H: Action potentials (APs) evoked by outward current 
injection (5 ms, 10–50 pA) in AGII-treated HL-1 cell under current clamp. I: Overlaid traces of 
last APs taken from H in absence (solid) or presence (dotted) of 10 μM 9-PA.  
 
Figure 5. Altered HL-1 AP morphology by AGII treatment involves TRPM4 channel activation.  
(A–C) Representative immunoblots (A) and expression of TRPM4 channel protein (B, n = 6) and 
its maximum activity (C; activated by 1 mM Ca2+ at -60 mV, n = 12) in HL-1 cells after treatment 
with control siRNA (siCon) or TRPM4-targeting siRNA (siM4) together with (AGII+) or without 
4-day angiotensin II (1 μM) treatment. (D–G) Representative APs recorded from AGII-treated 




9-PA (D) and their averaged parameters (RMP, APD50, APD90) under various conditions (E–G, n 
= 12). * and #: P < 0.05 with Tukey’s test and paired t-test, respectively.  
 
Figure 6. Quantitative assessment of Ca2+- and voltage-dependent TRPM4 gating kinetics with 
Iono-C/A recording. 
(A) The protocol evaluating [Ca2+]i- and voltage-dependent kinetics of TRPM4 channels 
expressed in HEK293 cells. To avoid excessive permeabilisation and desensitisation, ionomycin 
(2.5 μM) was briefly (30–60 s) applied and immediately rinsed in Ca2+-free external solution. The 
cell was then serially exposed to a pair of given values of [Ca2+]o (‘x’ mM; 0.3 mM and 5 mM). 
Before and after application of ‘x’ mM [Ca2+]o, the cell was rinsed with Ca
2+-free solution until 
channel activities completely disappeared (typically 2–5 min). At the end of the protocol, the 
membrane was excised into 5 mM [Ca2+]o-containing external solution to attain maximum 
activation. Vertical deflections reflect currents resulting from voltage pulses (see panel B) and 
ramp voltage. (B) Actual current traces during voltage jumps from -60 mV to -100 or +200 mV, 
at 0.3 and 5 mM [Ca2+]o. As strong depolarisations were destructive, pulses more positive than 
100 mV were gradually shortened. Red curves indicate best monoexponential fits of respective 
traces. (C) Tail currents following voltage jumps (black noisy traces) are displayed on an 
expanded time scale with monoexponential fits (red curves). (D) Instantaneous (Inst) and steady 
state (St) I-V relationships constructed from fitted data in B. (E) Steady state activation curve for 
the TRPM4 channel by voltage. The initial magnitude of tail current is plotted against the 
membrane potential and fitted by the Boltzmann equation: Imax/[1+exp((Vm-V0.5)/s)], where Imax, 
Vm, V0.5 and s denote maximum amplitude of tail current, membrane potential, half-activation 
voltage and slope factor, respectively.  
 
Figure 7. AP simulations with TRPM4 gating kinetics.  
(A and B) [Ca2+]o and voltage-dependence of steady state open probability (Po) and time constants 
(τ). Data points represent averages from five selected voltage-jump experiments such as those 
shown in Figure 6, which showed little sign of desensitisation. Solid curves in A are the best fits 
with the Boltzmann equation. In each voltage-jump experiment, Po at 200 mV with 5 mM [Ca
2+]o 
is assumed to be 1.0. (C) Closed (C) to open (O) state transition model with a Hodgkin-Huxley-
type formalism, where α and β are complex functions of membrane potential (Vm) and Ca
2+ 
concentration ([Ca]). (D and E) Logarithmic plots of α (D) and β (E) against Vm for five different 
[Ca2+]o. To obtain these values, we solved the following simultaneous equations for the data set 













Lines are best nonlinear fits of averaged data points (n = 5) by exponential functions of a first- or 
a second-degree polynominal of Vm (shown in the figure) with constants C0, C1, K0, K1 and K2 
for each [Ca2+]o, respectively:  
α(V𝑚) = C0 ∙ exp(C1 ∙ V𝑚) 
β(V𝑚) = K0 ∙ exp⁡(K1 ∙ V𝑚 + K2 ∙ 𝑉𝑚
2). 
Fa-c: plots of constants C0, C1, K0, K1 and K2 against [Ca
2+]i values estimated by separate Ca
2+ 
imaging experiments (Suppl. Figure 3A). Curves are best nonlinear fits of each constant’s values 
with linear, exponential or power functions of [Ca2+]i. (G) Actual AP records (overlaid) from an 
AGII-treated HL-1 cell before and after application of 10 μM 9-PA (a) and simulated APs based 
on HL-1 model incorporating TRPM4 gating kinetics at different densities (b). (H–J) Nygren, 
Luo-Rudy and Aslanidi models with TRPM4 gating kinetics (see Supplementary Information). 
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Supplementary Figure Legends 
Suppl. Figure 1. Rapid desensitization of TRPM4 channels is accompanied by a marked reduction 
in Ca2+ sensitivity. 
A; representative of a rapidly desensitizing TRPM4 channel current (ITRPM4) after membrane 
excision [inside-out (I/O) mode] at -60mV. TRPM4-expressing HEK293 cells. After membrane 
excision into 1μM Ca2+-containing PSS at -60mV, a transient inward current immediately 
activated and then quickly declined to a small residual level. Ca2+ concentration ([Ca2+]) in the 
bathing solution was changed to the values indicated at the bars. a, b: expanded from the parts: 
peak activation (a) and after desensitization (b). B; the averaged density of single ITRPM4 at -60mV 
(expressed as NPi) with 1, 10, 100 and 1000μM Ca2+ in the I/O mode: immediately (open column) 
and at >120s (filled columns) after membrane excision. n=15-20. *: P<0.05 with ANOVA 
followed by Tukey’s posthoc test. C; a representative current-voltage (I-V) relationship for single 
ITRPM4 (leak-subtracted) which shows a prominent outward-rectifying property. The inset shows 
the whole I-V curve (-100 - +100mV). The dashed line indicates the best fit of single open level 
by linear regression, which gives a unitary conductance (γ) of 21pS and reversal potential (Erev) 
of -2mV. On average, the values of γ and Erev were 21.9±1.6pS (n=8) and 0.45±1.1mV (n=8) being 
consistent with those reported for expressed TRPM4 channel. D; relationships between [Ca2+] and 
TRPM4 channel activity (NPi) evaluated at >120s after membrane excision with and without 
addition of 1mM ATP. NPi is normalized to those at 2000 and 1000μM [Ca2+] for control and ATP, 
respectively. The curves are drawn according to the bests fit with Hill equation: 1/(1 + 
(Kd/[Ca
2+])nH), where Kd and nH denote the apparent dissociation constant and cooperativity factor 
for Ca2+-dependent activation of TRPM4, respectively, where nH is fixed to 1.0. n=8-23. E; 
representative of the concentration-dependent effect of 9-phenathrol (9-PA) on single ITRPM4 (left) 
and its summary (right). *: P<0.05 with Dunnett’s test against control (n=8). 
 
Suppl. Figure 2. β-escin permeabilized C/A recording of TRPM4 channel. 
A; schematic presentation of the method used for β-escin permeabilized C/A recording. TRPM4-
expressing HEK293 cells. After cell membrane was permeabilized by β-escin (40μM), it was 
exposed to various concentration of Ca2+. B; typical development of TRPM4 current (ITRPM4) in 
response to sequential exposures to 30 and 3000μM Ca2+. The C/A membrane was finally excised 
into 3000μM Ca2+-containing solution to attain the maximum activation of TRPM4 channel. C; 
relationships between Ca2+ concentration ([Ca2+]) and ITRPM4 under β-escin permeabilized C/A 
recording (blue curve). ITRPM4 is normalized to that at 3000μM [Ca
2+] after membrane excision. 
The curves are drawn according to the best fit with Hill equation: 1/(1 + (Kd/[Ca
2+])nH) (for 
parameter definition, see Suppl. Figure 1 legend). For better comparison, the data in I/O mode 
(red curve) are shown together. n=8-11. 





Suppl. Figure 3. A; Changes in [Ca2+]i induced by various [Ca
2+]o with the Iono-C/A recording 
protocol. The same protocol was used as in voltage jump experiments (see Figures 6 and 7). Fura-
2 based Ca fluorescence imaging was employed. TRPM4-expressing HEK293 cells were first 
exposed to Ca2+-free high K solution and then ionomycin (2.5μM) was applied, which caused a 
small transient [Ca2+]i increase. After thorough rinsing with Ca
2+-free solution (grey bars), the cell 
was successively exposed to various [Ca2+]o in high K, which resulted in a dose-dependent 
increase in [Ca2+]i. Each data point indicates an averaged value from 11 cells. B; repeated 
application of ionomycin failed to evoke a Ca2+ release when, after each Ca challenge, the cell 
was rinsed in Ca-free solution. 
 
Suppl. Figure 4. Effects of 9-PA on membrane currents recorded from mouse ventricular 
cardiomyocytes, and that of benzbromarone on the APs of HL-1 cell. 
Aa; actual traces of membrane currents from mouse ventricular myocytes representing voltage-
dependent K (KV), voltage-dependent Ca (CaV) and hyperpolarization-activated cation (HCN) 
channels in the absence and presence of 9-PA, which are activated by a set of step pulses. Ab; 
current density (pA/pF)- voltage (mV)-relationships constructed from such records as shown in 
a. Each data point denotes mean ± s.e.m. from at least 5 independent experiments. Open circles: 
no drug, filled circles: 10μM 9-PA. Ac; columns and bars indicate means ± s.e.m. for the current 
densities at +80, 0 and -140mV of KV, CaV and HCN, respectively. There are no statistically 
significant differences between before and after application of 10μM 9-PA 9-PA by paired student 
t-test (n≤5). 
Ba; typical quasi-steady state I-V curves of mouse ventricular myocytes evaluated by a slow rising 
ramp voltage (-115 - +85mV; 1s in duration) in the absence and presence of 9-PA (10 and 100μM). 
Bb; summary of the effects of 9-PA on voltage-dependent Na (NaV), Ca (CaV) and K (KV) currents 
as well as on inward rectifying K current (K1). The nadirs of NaV and CaV I-V curves were 
measured at their inward inflections. The number of experiments are shown in the brackets. P 
values indicate the results of paired t-test. 
C; marginal effects of a TMEN16A blocker benzbromarone on AP morphology of HL-1 cell. APs 
were recorded with β-escin (50μM)-perforated technique (see supplementary information). 
Histograms show the summary of AP durations (APD50 and APD90) of AGII (1μM)-treated HL-1 
cells before and after application of benzbromarone (10μM). n=5. NS; not significant by paired 
t- test.  
 
Suppl. Figure 5. Upregulation of TRPM4 causes significant AP prolongation in AGII-treated 
mouse atrial cardiomyocytes (mACMs). 




Osmotic infusion of AGII caused a moderate increase (about 25%) in the heart-to-body weight 
ratio in mice (for the details of the method, see supplementary information). A; representative 
immunoblot bands of TRPM4 and β-actin proteins. Two ‘control’ and two ‘AGII’ bands were 
taken from the atria of paired mice treated with either saline or AGII, respectively, which received 
the surgical procedure on the same day. β-actin was re-probed from the same membrane as 
TRPM4 had been immunoblotted. B; to minimize the variations arising from blotting and 
visualization procedures, the density of each TRPM4 band (upper panel) is, after once normalized 
to that of β-actin (lower panel), further normalized to the density of one of controls (i.e. in this 
case, the leftmost lane in the upper panel) in the same blot membrane. Then, the average of the 
two bands was taken as one control or one AGII data. Columns and bars indicate the means ± 
s.e.m. calculated from these normalized data (n=6, respectively). P values denote the results of 
unpaired student t-test. C; representative traces for single TRPM4-like currents activated by 
membrane excision into 1000μM Ca2+–containing Tyrode solution (at +60mV), recorded from 
ACMs dissociated from saline- or AGII-treated mice.  D; averaged densities (NPi) of single 
TRPM4-like currents recorded from mACMs as shown in C at +60 and -60mV. Note that NPi 
value at -60mV without AGII treatment (no treatment) was similar to that obtained from HL-1 
cell (see Figure 4G). Under these moderately hypertrophic conditions, AGII treatment caused 
about 3-fold increase in NPi values. E; APs were evoked in mACMs by outward current injection 
(50-100pA) under amphotericin B-perforated current clamp. Solid and dotted curves respectively 
indicate APs before and after application of 10μM 9-PA which were obtained from the same 
mACM dissociated from saline- and AGII-treated mice. F; relative changes in RMP, APD50 and 
APD90 evaluated from such experiments as shown in E. The values are expressed as the percent 
change or decrease produced by 10μM 9-PA application. The numbers in brackets show the 
numbers of data for respective conditions. P<0.05: statistically significant difference by unpaired 
t-test. 
 
Suppl. Figure 6. A; surface plot for the reconstructed relationship of TRPM4 channel open 
probability versus membrane potential (Vm) and [Ca]i. B; reconstructed open probability (Popen) –
Vm relationships for TRPM4 channel at five different [Ca]o. C; reconstructed time constant (τ) – 
Vm relationships for TRPM4 channel at five different [Ca]o. The color of each symbol corresponds 
to that in B. For calculation, the mathematical expressions of α and β in the text are used. 
D; moderate depolarization near the resting membrane potential greatly facilitates the activation 
of TRPM4 channel during short [Ca2+] elevations. Curves show the time-dependent increase in 
Popen of TRPM4 channel in response to [Ca
2+] jumps of 5 - 120ms from 0.1 to 10μM at -30mV 
(solid) and -70mV (dotted). Popen is calculated by using the C-O transition model with the rate 
constants α and β (see text). 





Cell culture and gene transfection 
Human embryonic kidney (HEK293; ATCC, USA) were maintained in Dulbecco’s modified 
Eagle medium (DMEM) supplemented with 10% FBS and antibiotics under 100%-humidified, 
5%CO2-gassed conditions and passaged every 3-4 days. For transfection, single HEK cells were 
dissociated by short trypsin treatment and gentle trituration with a large bored Pasteur pipette, and 
re-plated on cover slips pre-coated with poly L-lysin (30μg/ml). About 12h later, the coverslips 
were incubated in a transfection medium (either DMEM or OptiTM) containing pIRES-htrpm4b 
or pcI-neo-htrpm4b plasmids (see below) together with a transfection agent Superfect (Qiagen, 
Germany) or lipofectatmine2000TM (Invitrogen, USA), to express human TRPM4b proteins. The 
protocol used for the transfection followed the manufactures’ instructions. Electrophysiological 
measurements were performed at room temperature 36-48h after the transfection. The human 
trpm4b cDNA (Gene ACC. No: AF497623) inserted in pcDNA4TO-Flag vector was kindly 
provided by Profs. J.-P. Kinet (Beth Israel Deaconess Medical Center and Harvard Medical 
School, Boston, USA) and P. Launay (INSERM, France)  (Launay et al, 2002). To use it in the 
present study, the region of trpm4b cDNA was subcloned into pIRES or pCI-neo vectors to create 
pIRES-htrpm4b and pCI-neo-htrpm4b plasmids, respectively, after correcting a few random 
mutations. 
For coexpressing TRPM4b and VDCC proteins, the subpopulations of HEK293 cells stably 
expressing IRES-TRPM4b protein were created through a 2-week G418 selection (500 - 
1000μg/ml for the first week, 200-400μg/ml for the second, and 100μg/ml for maintenance), 
which were then transiently transfected with the expression vectors containing VDCC subunits 
α1C (rabbit; Gene Acc. No. X15539; Wei et al., 1991), β2a (rat brain; Gene Acc. No. M80545; 
Perez-Reyes et al., 1992), and α2/δ (rat brain; Gene Acc. No. NM012719.2; Tomlinson et al., 1993) 
at concentrations (1μg/ml) of 1: 1: 1. The plasmids were kindly provided by late Prof. David Yue 
(Johns Hopkins, University) to M.X.M. Electrophysiological measurements were performed 24-
48h after the transfection of VDCC subunits. HEK cells sucessfully coexpressing TRPM4 and 
VDCC were identified by GFP fluorence (for TRPM4) and emergence of depolarization-induced 
inward currents (for VDCC).  
An immortalized atrial cardiomyocyte line HL-1 was kindly supplied by Dr. Claycomb at 
Louisiana State University Health Sciences Center, New Orleans, USA (Claycomb et al., 1998). 
HL-1 cells were maintained in a special culture medium (Claycomb Medium; Sigma-Aldrich 
Cat#51800C) according to the optimized protocol provided by the Claycomb’s laboratory. At the 
time of passage, 5-10 cover slips measuring 10mm x 5mm and coated with gelatin/fibronectin 
(Sigma-Aldrich) were placed in a 5cm culture dish, on which dissociated HL-1 cells were seeded 
at the density of 30-40%. The medium was exchanged afresh every day. When HL-1 cells grew 




to form synchronously beating clusters, the cover slips were mildly treated with trypsin to break 
intercellular connections, allowed to recover for some time and then used for voltage- or current-
clamp experiments. For some experiments recording spontaneous APs, brief trypsin treatment 
was applied only to clean the cell surface and the cells were allowed to recover for a few hours 
before actual recordings started.  
 For siRNA silencing experiments, HL-1 cells were dissociated by trypsin treatment and re-
plated on cover slips pre-coated with gelatin/fibronectin. About 9-12h thereafter, the cover slips 
were transferred and kept in a serum-free culture medium overnight. The cells were then 
incubated consecutively; in the transfection medium OptiTM containing siRNA (50-70nM) 
together with a transfection agent lipofectatmine3000TM (Invitrogen, USA) for 4-5h; in normal 
culture medium overnight; in the one containing angiotensin II (1μM) or none for 72-96h until 
the cells reaching confluency. Electrophysiological measurements were made at room 
temperature after short trypsin treatment. The sequences of stealth siRNA oligonucleotides used 
for TRPM4 knockdown are as follows [provided by Invitrogen; primer name: 
Trpm4MSS229248(3_RNAI)]: 
Sense (5’ to 3’):  GCGUCCCAUGCUAGUAGCAGCAAAU 
Antisense (5’ to 3’): AUUUGCUGCUACUAGCAUGGGACGC 
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Creation of mouse cardiac hypertrophy model and myocyte isolation 
Animal experiments followed the NIH guide for the care and use of Laboratory animals and 
approved by a local bioethics committee of Fukuoka University.  
10week-old male C57BL/6J mice purchased from a local supplier (Japan SLC) were used to create 
a cardiac hypertrophy model. In brief, under moderate anesthesia with i.p. injection of pentobarbital 
(60 mg/kg) which had completely removed pain reflexes, the abdomen of a mouse was shaved and cut 
longitudinally. A micro osmotic pump (Alzet, 1002) filled with either saline or angiotensin II (Sigma-
Aldrich) was implanted intraperitoneally and the wound was sutured. The expected rate of saline or 
AGII infusion from the pump was 2mg/kg/min. After surgical operation, the mice were housed in a 
plastic cage and kept under a 12h light-dark cycle until use (2-3weeks) at ambient temperature with 
food and water ad libitum. This treatment caused about 25% increase in the heart-to-body weight ratio.  
For dissociation of atrial cardiomyocytes, the mice treated with either saline or AGII were 
anesthesized by i.p. injection of pentobarbital (60mg/kg) with 0.1ml heparin (1000 IU/ml), and the 
thorax was cut open. A whole beating heart attached with about a 1cm-long ascending aorta was 
carefully excised and immediately placed in a dissecting dish filled with an ice-cold solution A 
saturated with 95%O2 and 5%CO2. Under binocular microscopy, the heart was removed of fat and 
connective tissues, cannulated into the aorta, and then mounted on a home-made Langendorff 
apparatus. The cannulated heart was consecutively perfused at a rate of 2 ml/min with the following 
solutions (aerated with 95%O2/5%CO2 and pre-warmed at 37˚C); Ca-free solution A for 10min; Ca-
free solution A containing a cocktail of 0.2mg/ml collagenase type I (Sigma-Aldrich), 0.2mg/ml 
collagenase type II (Worthington) and 0.03mg/ml protease type XIV (Sigma-Aldrich) for 30-40min. 
After completion of digestion, the whole atria were carefully separated from the remaining part, 
minced into chunks sizing ~ 2mm and kept in the Kraft-Brühe solution until use (up to 6hrs after 
dissociation). For each patch clamp experiment, one of the digested chucks was gently shaken in a 
recording chamber until a sufficient number of myocytes were released. Only the myocytes not 
spontaneously beating and showing clear striation were used for electrophysiological recordings. In 
some experiments, ventricular rather than atrial myocytes were dissociated and used. The protocol for 
dissociation was essentially the same except for the last digestion step, where 0.2mg/ml liberase 
(Roche) was perfused for 25-30 min. Ventricular myocytes were kept in 0.2mM Ca-containing Tyrode 
solution. 
The composition of the solutions used are given below. 
Tyrode solution (mmol/ml): NaCl 140, KCl 5.4, MgCl2 1, Hepes (N-2-hydroxyethylpiperazine-N_-2-
ethanesulphonic acid) 10 and glucose 10; pH 7.4 with NaOH. 
Kraft-Brühe solution (mmol/l): L-Glutamic acid 50, KCl 30, KOH 80, KH2PO4 30, taurine 20, HEPES 
10, Glucose 10, MgSO4 3, EGTA 0.5, pH 7.4 with KOH. 
Perfusion solution A (mmol/ml): NaCl 128, KCl 2.6, MgSO4 1.18, KH2PO4 1.18, Hepes 10, taurine 




20, and glucose 10; pH 7.4 with NaOH. 
 
Electrophysiology 
The system used for patch clamp experiments was essentially the same as described elsewhere 
(Shi et al., 2013). Briefly, fine-tipped borosilicate glass electrodes (with filament, 1.5mm in the 
outer diameter) were fabricated using an automatic electrode puller (Sutter Instruments, USA) 
and heat-polished in a microforge bearing a thin platinum-iridium wire. With Cs-aspartate internal 
solution, the input resistance of the electrodes ranged between 4-6MΩ and 8-10 MΩ for single 
channel and sharply-tipped electrode whole-cell recordings, respectively. The electrodes were 
connected to the headstage of a low noise, high impedance patch clamp amplifier (EPC10, HEKA 
Elektronik, Germany). To apply/sample voltage/current signals to/from cells, the amplifier was 
controlled by the automated multi-channel data acquisition software ‘Patchmaster’ (HEKA, 
Germany). The obtained signals were low-pass-filtered at 1kHz, digitized at 3kHz, and stored on 
a computer hard disc (Dell, USA). In parallel with this, the signals were recorded via a PowerLab 
data acquisition system (AD Instruments, Australia) for time-course monitoring and subsequent 
offline analyses. Unless otherwise stated, the magnitude of sustaining membrane currents was 
evaluated by averaging them over 2-5s by the Labchart software v.7 (AD Instruments, Australia). 
For kinetic analyses (e.g. time-course and dose-response fittings) and illustrations, data exported 
in matlab or text formats were processed by using commercial data analysis softwares Origin 9.1 
(LightStone, Japan), Clampfit v.10 (Axon Instruments, USA), Excel 2012 or KaleidaGraph v.4 
(Hulinks, Japan).    
For current clamp recording from HL-1 cell, β-escin- or amphotericin B-perforated recording 
techniques were employed respectively. Briefly, for β-escin-perforated recording, the pipette 
solution containing 50μM β-escin was used. For amphotericin B-perforated recording, stock 
solution of amphotericin B (dissolved in DMSO at 60mg/ml) was diluted 250 times by pipette 
solution just before use (kept on ice and protected from the light). In both, typically 5-10min 
elapsed after ‘giga seal’ formation until a sufficiently low access resistance (20≤MΩ) requisite 
for recording was achieved.   
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Measurement of [Ca2+]i 
The intracellular Ca2+ concentration ([Ca2+]i) was assessed by the digital fluorescence imaging 




technique. HEK cells plated on a glass coverslip were loaded with fura 2-AM (2μM) plus 0.005% 
pluronic F127 at room temperature for 20-30 min. Upon excitations at 340 and 380 nm which 
occurred every 5s, the intensities of fura-2 fluorescence emitted at 510 nm (±10 nm) were 
measured by a digital fluorescent image analysis system consisting of an inverted fluorescent 
microscope (DMI600B; Leica Microsystems, Germany) and a low noise, high-intensifying 
EMCCD camera (QuantEM 512SC, Photometrics, USA). In some experiments in which the 
relationship between VDCC-mediated Ca2+ current and [Ca2+]i was evaluated, 100μM fura-2 was 
introduced into a HEK293 cell expressing VDCC channels via a patch pipette. Fura-2 
fluorescence and membrane current were simultaneously measured through a fluorescent 
microscope (Olympus IX71, Japan) and a patch clamp amplifier (see above) respectively.   
Data acquisition and analysis were implemented by the software SlideBook 4.2 (Intelligent 
Imaging Innovation, Inc., Denver, CO, USA) or Metamorph v.7.7 (Molecular Device, Tokyo, 
Japan). Raw fura-2 fluorescence was corrected for background fluorescence and cell auto-
fluorescence, and changes in [Ca2+]i were defined as the ratio of corrected fluorescence intensity 
at 340nm over that at 380 nm (F340/F380) which was then converted to absolute [Ca
2+]i values using 
the calibration curves specifically constructed for each microscope.  
Solutions in the Ca imaging experimental chamber (~0.2ml in volume) were quickly switched 
using an electrically driven solenoid valve device, the complete exchange of which required ~10s. 
For simultaneous recordings of Ca current and fura-2 fluorescence, external solution was quickly 
change by the Y-tube fast perfusion system (see below).  
 
Immunoblotting 
Total cell lysates from HL-1s cells and mouse left atrium tissues were homogenized in RIPA 
buffer with protease inhibitors (Santa Cruz Biotechnology, USA) on ice according manufacturer’s 
protocol. The protein concentration was determined using the XL-Bradford protein assay kit 
(APRO SCIENCE, JAPAN). Proteins were boiled in laemmli sample buffer with 5% (v/v) 2-
mercaptoethanol and 1% (w/v) bromophenol blue and separated by 10% (w/v) SDS-PAGE and 
electrophoretically transferred to a PVDF membrane. The membrane was blocked with Blocking 
One (Nacalai Tesque, Japan), and then incubated with anti-TRPM4 antibody sc-27540 (SANTA 
CRUZ, USA) diluted 1:200, anti-BNP (SANTA CRUZ, USA) diluted 1:200, anti-βactin (Cell 
Signaling, USA) diluted 1:1000 as recommended by the manufacturers. Protein expression levels 
were detected by incubating the membrane with the secondary antibody linked to horseradish 
peroxidase, followed by use of the Pierce Western Blotting Substrate Plus Detection System 
(ThermoFisher, USA). 
 
Numerical model simulation 




For numerical model simulation with Nygren 1998, Luo-Rudy 2000 and Aslanidi 2009 AP 
models, an open simulation platform Cor1.1 (Oxford; URL: http://cor.physiol.ox.ac.uk/) was used. 
These models were taken from the library of Cor (written in CellML), and modified by adding 
the codes for TRPM4 gating kinetics. For HL-1 AP model (Takeuchi et al., Science Reports 2013) 
which was originally written in the SimBio, the source codes including TRPM4 gating kinetics 
were translated into a Visual Basic C#-based program and run on the Visual Studio Professional 
2013. Ordinary differential equations of numerical models were solved by the 4th-order Runge-
Kutta algorithm, and APs and currents were iterated every 0.005ms for Nygren, Luo-Rudy and 
Aslanidi models or at adaptive time steps for the HL-1 model (Takeuchi et al., 2013). In figures, 
simulated results were graphed at a 1ms resolution.   
In HL-1, Nygren, Luo-Rudy and Aslanidi models, the following equations were used to define 
the voltage- and Ca-dependent gating of TRPM4 channel: 
P𝑜,∞(𝑉, [Ca]) =
𝛼(𝑉, [𝐶𝑎])









𝑃𝑜,∞(𝑉, [𝐶𝑎]) − 𝑃𝑜(𝑉, [𝐶𝑎])
𝜏(𝑉, [𝐶𝑎])
 




[𝑁𝑎]𝑜 − [𝑁𝑎]𝑖 ∙ exp⁡(−𝐹 ∙
𝑉
𝑅𝑇)








[𝐾]𝑜 − [𝐾]𝑖 ∙ exp⁡(−𝐹 ∙
𝑉
𝑅𝑇)




I𝑛𝑠,𝐶𝑎(V, [Ca]) = I𝑛𝑠,𝑁𝑎(V, [Ca]) + I𝑛𝑠,𝐾(𝑉, [𝐶𝑎]), 
where 
α(V, [Ca]) = 3.7073 ∙ [Ca]0.37486 ∙ exp⁡[(0.010602 − 0.000080069 ∙ [𝐶𝑎]) ∙ 𝑉] 
β(V, [Ca]) = 0.62539 ∙ exp [(3.4201 − 0.074674 ∙ [Ca]) + (−0.00293 − 0.00388 ∙ [Ca]) ∙ V
+ (0.000023487 − 0.000026192 ∙ [Ca]) ∙ V2] 
 ([Ca] in μM, V in mV) 
and 
Pns,Na=Pns,K=1.75e-7 Litre/Farad/millisecond for Luo-Rudy model 
Pns,Na=Pns,K=3.51e-8 Litre/Farad/millisecond for HL-1 and Nygren models. 
Pns,Na=Pns,K=3.51e-8 Litre/Farad/millisecond for Aslanidi model. 
 
The first value is a pre-set value in the Luo-Rudy Model (Luo and Rudy, 1994). The second value 




was determined from the maximum normal density of single TRPM4-like channel activities 
recorded from untreated HL-1 I/O membranes such as shown in Figures 4D and 4G (open column). 
Because of the lack of information, the density of TRPM4 in Aslanidi model is based on HL-1 
data, which may however underestimate that of Purkinje fiber where a few-fold higher expression 
of TRPM4 protein than in atrial regions has been reported (Kruse et. al, 2009).   
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Standard external solution used for patch clamping and fluorescence imaging consisted of (mM): 
140 NaCl, 5 KCl, 1.2 MgCl2, 1.8 CaCl2, 10 Hepes, 10 glucose (adjusted to pH 7.4 with Tris base). 
Na+-free-external solution (NMDG solution) was made by equimolar substitution of Na+ with N-
methyl-D-glucamine (NMDG). High-K+ external solution for the Iono-C/A recording consisted 
of (mM): 145 KCl, 1.2 MgCl2, 0.1-5 CaCl2, 10 Hepes, 10 glucose (adjusted to pH 7.4 with Tris 
base). For Ca2+-free, high-K+ solution, Ca2+ was simply omitted and 0.1mM EGTA was added.  
To make pipette solution for C/A recordings, 1mM tetraethylammonium (TEA) and 100μM 4,4'-
Diisothiocyano-2,2'-stilbenedisulfonic acid (DIDS) were added to the standard external solution 
to block K and Cl channels. Pipette solution for whole-cell and I/O recordings (mM) consisted 
of: 120 Cs-aspartate, 20 CsCl, 2 MgCl2, 5 EGTA, 10 Hepes, 2 ATP, 0.1 GTP, 10 glucose (adjusted 
to pH 7.2 with Tris base), to which Ca2+ was added to give desired [Ca2+] values. [Ca2+] of pipette 
solution was calculated by using a custom-written program based on Fabiato & Fabiato’s 
algorithm (1979) in Visual Basic with the enthalpic and ionic strength correction of association 
constants (Inoue and Ito, 2000). Pipette solution for current clamp recordings for single 
dissociated HL-1 cells (mM); 120 K-glutamate, 20 KCl, K2ATP, 2 MgCl2, 10 Hepes, 1 Na2EGTA 
(adjusted to pH 7.23 with Tris base).  
In patch clamp experiments, all drugs were applied via a ‘Y-tube’ which was controlled by 
electrically driven solenoid valves. Time required to complete solution change was ~1s. 
 
1. Brooks SPJ and Storey KB. Bound and determined: a computer program for making buffers 




of define ion concentrations. Anal Biochem 1992;201:119–126. 
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Chemicals 
9-phenathrol (9-PA), TEA (Cl salt), DIDS, EGTA and benzbromarone, were purchased from 
Sigma-Aldrich (USA). Anti-mouse TRPM4 antibody was obtained from Santa Cruz. Anti-BNP 




All data in the figures are expressed as means ± s.e.m. The numbers of experiments are given in 
either brackets or figure legends. For single comparison, paired and unpaired Student t-tests were 
employed where appropriate. For multiple comparison, ANOVA followed by Tukey’s or 
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